Statement of Translational Relevance
Adoptive cellular immunotherapy (ACT) using T cells genetically modified to express chimeric antigen receptors (CARs) against tumor-associated antigens (TAAs) has shown great promise in the treatment of blood-borne malignant disease, but may be limited by the strong immunosuppressive environment within solid tumors. We present a novel model demonstrating that reversible tumor-induced hypofunction of CAR T cells does occur in solid tumors. This model will be important in understanding the mechanisms of this effect and developing strategies to reduce or eliminate this hypofunction, paving the way for future clinical trials.
Introduction

Adoptive T cell transfer (ACT) is a form of immunotherapy that has demonstrated
increasing promise as a therapeutic option for cancer. [1] [2] [3] ACT using cytotoxic T cells that have been genetically modified to express a chimeric antibody receptor (CAR) specifically targeting a tumor-associated-antigen (TAA) or a cancer stromal antigen offers the advantages of specific, high-affinity binding of target cells in a major histocompatibility class (MHC)-independent fashion, optimization of T cell activation via incorporation of different internal co-stimulatory domains (so called "advanced generation" CARs), and relatively straightforward and efficient ex vivo preparation. 4 Recently, some dramatic tumor regressions in patients with hematologic malignancies using CARs targeting the B cell antigen CD19 have been reported. 3 This has spurred a growing interest in using this approach for a variety of solid tumors. 5, 6 However, if CAR T cells behave similarly to endogenous T cells (or to ex vivo expanded tumor infiltrating lymphocytes [7] [8] [9] [10] ), it is likely that the efficacy of the infused T cells will be limited by a number of factors including: 1) inhibitory effects of tumor-derived cytokines, 2) metabolic challenges (i.e. lack of arginine or tryptophan), 3) a microenvironment characterized by hypoxia and low pH, 4) negative effects of intratumoral immune suppressor cells. 5, 6, [11] [12] [13] , 5) intrinsic inhibitory pathways mediated by up regulated inhibitory receptors reacting with their cognate ligands within the tumor 14, 15 and 6) intracellular inhibitory pathways that are engaged after T cell activation which function to inhibit T cell receptor pathways and effector functions. 16 Examples of surface inhibitory receptors on TILs include CTLA4, PD-1, LAG3, 2B4, and TIM3. 17, 18 .
Examples of upregulated intracellular inhibitors in TILs are phosphatases (i.e. SHP-1 that dephosphorylates TCR kinases such as Lck and ZAP70 ) 19 cbl-b) 20 , and kinases (i.e. diacylglycerol kinase (DGK) which inactivates diacylglycerol) 21 Because advanced generation CAR T cells have intrinsic co-stimulatory activity (i.e. cytoplasmic domains from CD28 and/or 4-1BB (CD137)), it is possible that they are more resistant to these inhibitory forces. For example, there is data supporting the ability of 4-1BB co-stimulation to blunt the anergy response [22] [23] [24] . However, there is no data studying the same protective ability of 4-1BB in CAR -modified T cells.
Furthermore, a significant portion of this data was from research in murine T cells. 23, 25 The purpose of this study was to develop a model where suppression of T cell function using advanced generation human CAR T cells could be studied. , was previously subcloned into the lentiviral vector pELNS bearing the EF1α promoter and incorporated the CD3ζ and 4-1BB intracellular T cell receptor (TCR) signaling domains 27 . A variant of the mesoCAR construct incorporating a myc-tag between the scFv SS1 and the CD8 hinge was generated to allow for clearer detection of surface mesoCAR expression on TILs harvested from mouse flank tumors.
Construction of a similar CAR, but targeting murine fibroblast activation protein (FAP), has been described previously. Ex vivo TIL analysis. After digestion, TILs were isolated by using an anti-human CD45 PE antibody (BD Biosciences) with the EasySEP PE Selection Kit (StemCell Technologies #18551). Once isolated, TILs were analyzed in three different ways: 1) luciferase-based killing assays, 2) intracellular cytokine expression, and/or 3) measurement of antigen-induced T cell IFNγ secretion (refer to supplemental methods for detailed protocols).
Antibodies. Refer to Supplemental Methods.
Inhibitors. The SHP-1 inhibitor sodium stibogluconate (SSG) was purchased from EMD Millipore (567565). Two different inhibitors of DGK were purchased from Sigma (DGKinh1 (nonspecific inhibitor), D5919; DGKinh2 (alpha isoform specific), D5794). Functional antibody against PD-L1 was a generous gift from Dr. Gordan Freeman. 29 Human IL2 (Proleukin, Prometheus) was acquired through the Hospital of the University of Pennsylvania pharmacy. Dose response curves were performed for both DGK inhibitors and for SSG, and the highest doses which did not induce direct tumor cell killing were used. 1uM of both DGK inhibitors and 25ug/ml of SSG were also demonstrated to be appropriate in other published investigations. 30, 31 All inhibitory studies were done twice in independent fashion with comparable results.
Immunoblotting:
Lysates of T cells (40 ug) before and/or after activation with beads were run on SDS-PAGE gels, transferred and immunoblotted using standard approaches. Primary and secondary antibodies used are described in Supplemental Methods.
Statistical Analysis:
All results were expressed as means +/-SEM as indicated. For studies comparing two groups, the student t test was used. For comparisons of more than two groups, we used one-way ANOVA with appropriate post hoc testing. Differences were considered significant when p <0.05. (Fig 1A) , however, unlike our experience with another mesothelioma cell line 27, 32 , no tumor regression or cures were noted. Injection of non-transduced T cells had minimal anti-tumor effects when compared to the saline treated control (Fig 1A) , indicating that the reduction in tumor growth observed in animals treated with T cells expressing mesoCAR was specifically a result of the mesoCAR. 2A and 2B). In contrast to our findings in the tumors, CAR T cell persistence was much lower than NT T cells in spleens. (Fig 2C and 2D) . We also examined tumors at earlier time points (Fig 2E and 2F) . The percentage and number of intratumoral CAR T cells increased steadily over time, starting from very small numbers detectable at Day 5.
Tumor infiltrating human mesoCAR T cells continue to express CAR receptors on their surface. To evaluate loss or downregulation of the surface expression of the CARs, we injected mice bearing EMMESO tumors with T cells expressing a CAR that had been engineered to express a myc-tag in the extracellular domain. CAR expression (using an anti-myc antibody) on human T cells from tumors 40 days after injection were compared to the expression on CAR T cells that had been originally injected (Fig 2G) . In this experiment, the percentage of TILs expressing CAR on their surface increased to more than 42% compared to 13% at the time of injection.
Tumor-infiltrating human CAR T cells become hypofunctional. The data above
suggested that although the human T cells were present in large numbers they had become hypofunctional. Given that the level of CAR expression on the CAR TILs was equal to or greater than that of the cells prior to injection (Fig 2G) , we compared their functional activity. We isolated and analyzed the mesoCAR TILs from EMMESO tumors 40 days after injection (all studies were started immediately after isolation) and compared them to the same batch of mesoCAR T cells that had been used for the original injection and frozen away ("cryo mesoCAR"). These cells were studied after thawing and incubating in 37 o C / 5% CO2 for 18hrs to mirror handling prior to injection. When we added cryo mesoCAR T cells and flank mesoCAR TILs to cultured EMMESO cells expressing firefly luciferase (EMMESOffluc) at a 20:1 ratio for 18 hours, the cryo mesoCAR T cells were highly efficient in killing tumor cells (>95%), while the mesoCAR TILs killed only about 10% (Fig 3A, p<0 .001). Similarly, whereas cryo mesoCAR T cells released large amounts of IFNγ into the supernatant, the mesoCAR-TIL secreted very little (Fig 3B, p<0 .001). Neither CAR TILs nor cryo mesoCAR T cells had significant anti-tumor activity against EMPffluc demonstrating that the response was specific to mesothelin TAA. The ex vivo killing ability of mesoCAR T cells isolated from the spleens of the same tumor-bearing mice demonstrated much less loss of function than the T cells isolated from the tumor suggesting these effects were specific to the tumor microenvironment. (Fig 3C and 3D) .
We next examined the ability of the CAR T cells and CAR TILs to produce cytokines (using intracellular cytokine staining by flow cytometry) (Fig 4A) . When exposed to albumin-coated beads (control), neither the cryo mesoCAR T cells nor fresh mesoCAR TILs (CD4 and CD8 cells) produced IFNγ. After exposure to mesothelincoated beads, a clear subpopulation of CD4 (0.59%) and CD8 (2.07%) cryo mesoCAR T cells made IFNγ (Fig 4A, left panels) . In contrast, the mesoCAR TILs did not produce IFNγ after exposure to their surrogate antigen (Fig 4A, right panels) despite having relatively high expression of mesoCAR on the surface (Fig 2G) . We saw very similar responses with IL-2 production (Supplemental Fig 3) . We next exposed the same cells to PMA/Ionomycin (Fig 4B) . Approximately 20% of the freshly thawed mesoCAR T cells made IFNγ (Fig 4B, lower left panel) . In contrast to the results with We also assessed the ability of the T cells to signal by assessing phospho-ERK expression using immunoblotting 20 minutes after exposure to beads (Fig 4C) .
Phospho-ERK expression was minimal in both types of CAR T cells after exposure to control beads. Cryo mesoCAR T cells exhibited ERK activation via phosphorylation after exposure to both mesothelin and anti-CD3/CD28-coated beads (Fig 4C -left panel) . In contrast, no phospho-ERK was detected in the mesoCAR TILs after exposure to mesothelin or anti-CD3/CD28-coated beads (Fig 4C -right panel) .
It was also of interest to determine the kinetics of inducing T cell hypofunction.
MesoCAR TILs were thus isolated from tumors at 5 days, 17 days, and 39 days after injection and their ability to kill tumor cells ex vivo was determined (Fig 4D) . MesoCAR TILs isolated at Day 5 were still highly active, killing 85% of EMMESO tumor cells as assessed by our in vitro killing assay. In contrast, mesoCAR TILs isolated on days 17 and 39 had progressive hypofunction.
The hypofunction seen in human mesoCAR TILs is reversible
To determine if the hypofunction was reversible, mesoCAR TILs isolated from Day 39 tumors were "rested" for 24 hours away from the tumor in either media alone or media plus low dose IL-2 and then had their effector functions assessed. As shown in Figures 5A and 5B, substantial recovery of killing ability and IFNγ release was seen after 24 hours away from the tumor. The presence of IL-2 in the resting media accelerated recovery, but was not required (Supplemental Fig 4) . We saw a similar recovery in the ability to produce cytokines (at the single cell level using flow cytometry)
for IFNγ and TNFα in response to EMMESO tumor (Supplemental Fig 5) .
The ability to phosphorylate ERK after surrogate antigen stimulation or ligation of the endogenous TCR was also restored after 24 hours of "rest" (Fig 5C) . Thus a profound but reversible functional impairment exists in human CAR TILs in mice with progressive tumor growth.
Human mesoCAR TILs express increased levels of inhibitory receptors
We next evaluated the expression of four inhibitory receptors (IR), that have been previously described in hypofunctional TILs isolated from humans, using flow cytometry on: i) the cryo mesoCAR T cells that were used for injection, ii) freshly isolated mesoCAR TILs from EMMESO tumor at Day 39, and iii) "recovered" mesoCAR TILs that had been removed from EMMESO tumor and "rested" 24 hours (Supplemental Table 1 ). CAR TILs expressed high levels of inhibitory receptors.
These levels were generally much lower after 24 hours of recovery away from the tumor microenvironment. For the CD4 CAR TILs, PD-1 went from 73% to 53%, LAG-3 went from 63% to 3%, and TIM3 went from 24% to 1%. 2B4 expression was high and remained elevated after rest (67% to 88%). For the CD8 CAR TILs, PD-1 went from 26% to 21%, LAG-3 went from 48% to 13%, and TIM3 went from 56% to 1%. 2B4 expression was high and remained elevated after rest (96% to 98%).
We also evaluated three of these IR's on the human T cells that could be isolated from the spleens of the EMMESO mice. Interestingly, the expression levels of PD-1, TIM3, and LAG3 were all lower on the splenic T cells compared with the TILs Table 2 ), supporting the hypothesis that the tumor microenvironment induces the upregulation of IR's.
Human mesoCAR TILs express increased levels of intracellular inhibitory enzymes.
We also explored the expression levels of two intrinsic inhibitors of T cell function that have been implicated in TIL dysfunction, SHP-1 and DGK, using immunoblotting (Fig 5D) . The levels of both isoforms of DGK (alpha and zeta), as well as the phosphorylated form of SHP1 (pSHP1), were significantly elevated in mesoCAR TILs that were freshly isolated from EMMESO flank tumor compared to rested TILs. This was also confirmed for DGKα using flow cytometry where 23% of fresh EMMESO TILs expressed DGKα. Expression was undetectable after overnight rest (data not shown).
Blockade of inhibitors in human mesoCAR T cells enhances their ex vivo killing function.
Given these expression data, we studied the potential functional importance of specific inhibitory pathways in mesoCAR TILs by introducing available blocking agents during the ex vivo killing and cytokine release assays. Addition of an anti-PDL1 antibody significantly restored the killing activity and ability to secrete IFNγ by the mesoCAR TILs (Fig 6A, 6B) . The relatively high dose of 10μg/ml anti-PDL1 antibody was based on previously published investigations in cancer immunotherapy. (Fig 6C) , but without significantly increasing tumor-induced IFNγ secretion (Fig 6D) .
Addition of the SHP1 inhibitor, SSG, slightly inhibited the killing ability of cryo mesoCAR T cells, but significantly increased that of the mesoCAR TILs (Fig 6E) , as well as significantly increasing tumor-induced IFNγ secretion (Fig 6F) .
Tumor-infiltrating human T cells against other tumors and other tumor-associated
antigens also become hypofunctional.
To investigate the generalizability our findings, we studied mesoCAR T cells in an additional human mesothelioma model (M30 cells) and saw virtually identical induction of hypofunction as we did with EMMESO (data not shown). To demonstrate that these effects were independent of the specific TAA, we evaluated T cells modified with a CAR directed against murine fibroblast activating protein (FAP), which is expressed on the mouse fibroblasts in the stroma formed in the EMMESO flank tumors. Similar to our findings using murine T cells and mouse tumors 28 , injection of 10 7 FAPCAR T cells significantly slowed the growth of EMMESO tumors, but did not eradicate them by Day 41 after injection (Fig 1B) . FAPCAR TILs isolated from flank tumors at Day 28 post injection (by methods described above) also demonstrated profound hypofunction in cytolytic activity and IFNγ secretion similar to that seen in the mesoCAR TILs. (Fig 3E, 
hematopoietic tumors. 3, 34 Given that T cell inactivation has been reported in solid tumors 5, 6, 11 , the purpose of this study was to develop a model where this process could be assessed using advanced generation human CAR T cells. We found that a versus their rate of inactivation within tumors will ultimately determine the overall antitumor efficacy, and this balance will likely be tumor-specific.
Given these observations, we evaluated the nature of this tumor-induced CAR T cell hypofunction. One feature was that the hypofunction was rapidly and almost fully reversible when the CAR TILs were removed from the tumor microenvironment.
Although supplemental IL-2 accelerated the recovery, it was not necessary. We believe this reversibility was due to a general recovery of T cell function due to the removal of inhibitory factors that reside in the tumor microenvironment. However, it is formally possible that our observations were due to a selection and expansion of the most functional TILs, with a concomitant loss of the hypofunctional TILs during the rest period. This possibility is difficult to exclude and may require advanced molecular strategies like "bar-coding" the T cells to track them during the rest period. However, we find the explanation of recovery of anti-tumor function more likely, based on published work from other groups' investigations [38] [39] [40] . If one assumes that the CAR TILs are not irreversibly inactivated, it may be best to describe their phenotype as "hypofunctional" rather than "exhausted" or "anergic" which infer a permanent state of dysfunction. 41, 42 A second feature of our hypofunctional CAR TILs was that although TIL hypofunction was evident by 17 days post-injection, tumor volume did not progress dramatically at that point but rather "plateaued." This was likely due to a balance between progressively decreasing TIL function (Fig. 4D ) and increasing number of TILs in the tumor (Fig. 2E) A third feature of our hypofunctional CAR TILs was that the block appeared to be "proximal" in the T cell signaling pathway. After stimulation by antigen or by CD3/CD28 crosslinking, CAR TILs failed to secrete cytokines or to phosphorylate ERK. CAR TILs also had defects in the phosphorylation of Lck, ZAP-70, and SLP-76 (data not shown).
However, when the CAR TILs were exposed to PMA/Ionomycin, bypassing the early TCR activation steps, the cells were fully capable of making cytokines. Although these features of reversibility and defects in proximal signaling have been well documented previously in mouse 17, 43 and to some extent, human TILs 44, 45 , the exact mechanisms responsible for this phenotype remain elusive. Both cytoplasmic and cell surface candidates have been implicated. For instance, Rappl et al. elucidated one possible mechanism of terminally-differentiated, late stage T cell hypofunction as being due to impaired TCR synapse formation from immobility of TCR membrane surface components, which can be bypassed by introducing a 1 st generation CAR construct that confers tumor reactivity by signaling through normal T cell signaling components. 46 The mechanism of the hypofunction described here seems to be different as demonstrated by dysfunctional proximal T cell signaling. The described in vivo model is inadequate to assess TCR function as it lacks human antigen-presenting cells.
With regard to the mechanisms of hypofunction, we evaluated two intrinsic inhibitory enzymes previously identified in hypofunctional TILs. The first candidate was the phosphatase SHP-1, which can inactivate a number of the kinases in the early TCR signaling cascade. 19, 47, 48 Investigators have shown in mice that TILs have elevated SHP-1 activity and that inhibition of SHP-1 in non-lytic TILs in vitro restored their tumorcytolytic ability. 43 . Conversely, mice deficient in SHP-1 showed increased effector T cell activity. 48 The second candidate was diacylglycerol kinase (DGK), a key enzyme that inactivates diacylglycerol (DAG), a downstream messenger necessary for translating the TCR signal into T cell stimulation. 21, 44, 49 Loss of DGK leads to resistance to T cell anergy and increased CD8 T cell function. 21, 44, 49 Our group has recently shown that loss of the alpha or zeta isoform of DGK augments murine and human CAR T cell effector function. 31, 50 Both SHP-1 and DGK have been shown to be upregulated in hypofunctional TILs. 21, 44, 49, 51 .
Our data support the importance of both SHP-1 and DGK in the induction of hypofunction of the human CAR TILs. First, CAR TILs had high expression of both SHP-1 and DGK, which rapidly declined 24 hours after the TILs were removed from the tumors. Second, when we blocked DGK or SHP-1 activity using chemical inhibitors in our ex vivo killing assay, we were able to reduce the defects in tumor killing, with lesser effects on IFNγ secretion. Consistent with these data, Prinz et. al. demonstrated increased CD8 activity in human TILs from renal cell cancers after blocking DGK. 44 The factors within the tumor microenvironment that upregulate these inhibitory enzymes, as well as approaches to inhibit these enzymes in vivo, are active areas of research in our lab. In addition to cytoplasmic inhibitory pathways, it has become increasingly recognized that expression of some cell surface inhibitory receptors on T cells can induce dysfunction. 18 Overall, we observed a similar phenotype as that described by previous studies in human TILs, with increased expression of PD-1, TIM3, Lag3, and 2B4. [52] [53] [54] [55] Interestingly, our data suggest that the tumor microenvironment appeared to play an important role in "shaping" the expression pattern of specific IRs on the T cells.
First, the expression of IRs was much higher on TILs, rather than on human T cells isolated from spleens of the same animals. Second, after overnight "rest" away from the tumor microenvironment, expression levels of most of these receptors decreased dramatically. Finally, we were able to test the functional significance of the PD1/PD-L1 interaction in the EMMESO model. Addition of a blocking PD-L1 antibody to our ex vivo CAR TIL killing assay was able to restore the defect in tumor cell killing.
We believe the model that we have described here has many potential advantages and possible uses. First, it allows study of human (not mouse) CAR T cells.
This is important as we have found the behavior of human CAR T cells to be very different that of murine CAR T cells with regard to key parameters such as persistence, sensitivity to activation-induced cell death, and the activation state at the time of injection. Furthermore, it allows the study of CAR T cells that are prepared identically to those being injected into patients. This should enhance the generalizability of the findings to clinical trials. Second, the use of a uniform preparation of CAR T cells prepared from one donor allows one to focus on microenvironmental differences rather than intrinsic T cell variability. Third, the use of CAR T cells targeted to specific targets allows the study of antigen-specific T cell interactions rather than just general TCR activation induced by CD3/CD28 beads or PMA/Ionomycin stimulation, as has been used in most studies of human TILs. Fourth, the model uses well-characterized human solid tumor cells that can be genetically modified, if needed. This allows the systematic study of different tumor microenvironments. Although we have used flank tumors for convenience, orthotopic tumor cell placement is possible (and probably desirable).
Research. 
In addition to studying mechanisms of tumor-induced T cell hypofunction, models such as ours will allow testing of a wide variety of therapeutic approaches in an in vivo setting where anti-human reagents can be used. One strategy would be systemic administration of agents that might affect the tumor microenvironment. These could 10ug/ml of anti-PDL1 antibody was added to the co-culture killing assay and was able to restore (A) mesoCAR TIL killing of EMMESOffluc (B) and tumor-induced mesoCAR TIL secretion of IFNg after fresh isolation from flank tumor. (C) 1uM of type I and II DGK inhibitor was added to the co-culture killing assay and was able to restore mesoCAR TIL killing of EMMESOffluc with (D) minimal increase in tumor-induced mesoCAR TIL secretion of IFNg after fresh isolation from flank tumor. 25ug/ml of SSG was added to the co-culture killing assay and was able to restore (E) mesoCAR TIL killing of EMMESOffluc (F) and tumor-induced mesoCAR TIL secretion of IFNg after fresh isolation from flank tumor. 
E. F.
No inhibitor anti-PDL1 10ug/ml P<0.05 
